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SIHMAKY 

Large yield veapons used against hardened installations create an 

environment of air and ground shock and of thermal and nuclear radiations 

in extremes vhich military systems designers have only recently been 

obliged to consider. As the hardening requirements rise, and systems are 

designed to sotrvive closer-ln, the ê gplosion phenomena of significance 

become those associated vlth a region of intensities of effects beyond 

our ejgperience and best understanding. These close-in phenomena are 

exGualaed in this paper vlth a viev to delineating their influence on the 

survivability of structures and equipment at vexy high overpressure levels. 

No specific military system or components are considered. The primary 

pxirpose of this paper is to build a general appreciation for the nature 

of the violent forces vlth vhich protective designs must cope. 

This presentation of the phenomeziology, hovever, may also be useful 

in framing design characteristics for hardened systeauB. 



p-

COHTBHTS 

SIMNARY 11 

Section 
I. INZRQDXnON 1 

II. NUCLEAR RADIATION 3 

III. FIREBALL FORMATION 10 

IV. THERMAL RADIATION 13 

V. AIR BLAST 17 

VI. CRA3KRIMG 21 

VII. GROUND SHOCK 25 

VIII. AFZBR EFnSCTS 33 

BIBLIOaRAFHI - NUCIJU^ RADIATION 6k 

BIBLIOGRAPHY - AIR BLAST AND FIREBALL 6^ 

BIBLIOGRAPHY - Ground Shock 66 



p-1951 
3-31-60 

1 

I. INTRODUCTION 

Modem veapon systems invariably begin and end vlth concern for the 

effects of nuclear explosions. The final sting in nearly every current 

or proposed system is a nuclear veapon, and the amount of damage and 

destruction it is capable of inflicting on an enemy target is of obvloaas 

concern to the system planners. But at the outset the vulnerability of 

a system to nuclear ê gploslons dictates its ability to survive counter-

force action. Alxplanes in the air, missiles on the ground or in space, 

emd all their necessary sî iport equipment (vlth iiAiich this course is 

primarily concerned) vlll be evaluated not only from the standpoint of 

their reliability in normal operation, but equally importantly in the 

light of their possible failure in the hostile environment of nucleeur 

ejqplosions. It foUovs that many cooqponents of future military systems 

vlU be designed vlth an eye to survival at close distances from large 

yield e^losions, and that sensible and economic design vlll be predicated 

on a knovledge of the nature of the various effects to be eî perienced in 

such extreme circumstances. Since it is much easier to harden small items 

than to harden \d)ole coqplexes, and since heuxLenlng vlll be costly in every 

case, hardening vlll generally be restricted to such components as are 

essential to the final phases of launching. 

To understand better vhat difficulties can be ê gpected in providing 

for the continued operation of essential ground support equipment during 

heavy nuclear attack, one needs a shazp descriptive picture of the nature 

of a nuclear explosion, suod one also irequlres estimates of the damaging 

effects and of the level of protection necessary. This lecture aims to 
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provide a general background in veapons effects. The folloving sections 

vlll cover some specific areas of nuclaar esqplosion phenomena pertinent 

to the design of hardened systems. These subjects may be identified as 

follovs: 

nuclear radiation and shielding 

fireball grovth and effects 

thenoal radiation 

air blast 

craterlng and throvout 

ground shock suad effects 

cloud rise and fallout 

aftervlnds, dust and debris 

Although most of these phenomena are distinct and separate in their 

effects, they are very closely Interrelated and have continuous inter

actions one upon the other. 
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II. HUCUSAR RADIATIOH 

To appreciate the effects of nuclear radiation and the necessary steps 

for protection ve must knov (l) the possible effects such radiation may 

have on humans and on equipment, (2) the expected level of esg^sure from 

a nuclear b\irst, and (3) the efficiency of various shielding materials. 

Of the various measures of nuclear radiation intensity the roentgen unit 

for gamma-rays and the "rad" for neutrons vlU be used here. The roentgen 

represents an intensity of gamma rays such that 67 ergs is absorbed in one 

gram of air, but in soft tissue (meat) the same intensity deposits about 

97 erg/gm. The rad is defined as the amount of radiation (neutronjs) vhlch 

vlll produce 100 ex^s of absorbed energy per gram of soft tissue. Although 

the response of biological systems is not directly proportional to the 

energy absorbed, the neutron dose in terms of rads vlU serve as a rough 

measvure of allovable human doses. Doses of more than ^50 roentgens or 

rads may be ê gpected to kill ̂ 0 per cent of those exposed, and a dose 

itpvards of 7OO r vlU cause 100 per cent fatalities. But a dose of less 

than 100 r is not ê gpected to cause noticeable degradation of human 

activity and is xK)t likely to be lethal. Consequently, in areas vbere 

personnel vlll operate during attack, the dose should not be alloved to 

rise above about 100 rad or roentgens. 

The electronic systems must ELLSO be protected from Intense radiation. 

Circuits involving semiconductors are particularly sensitive. In general, 

the level of allovable radiation is fairly sensitive to details of the 

circuitry. One can state a broad rule for currently typical systems 

to the effect that for silicon elements the neutron ejq>osure should be 

kept to less than 10 n/cm , and for gexmanlum elements to less than 



p-1951 
3-31-60 

k 

12 / 2 
10 n/cm . Usually diode applications are less sensitive than higher 

modes of operation, and thin transistors are less sensitive than thick 

elements. With special attention to circuit design, both the above thresh

olds for permanent damage might be increased by a pover of 10. Other than 

electronic systems, the only structural materials exhibiting particular 

sensitivity to radiation are s^thetlcs such as Teflon, irtilch may be 

damaged by exposure to more than 10^ rad (gamma-rays). 

In the above, mention is made of both neutrons per square cm and rads. 

For typical neutron spectra from nuclear e:gploslons, these measures may 

be approximately related by the folloving conversion: 

8 2 
one rad 'u k,k x 10 n/cm . 

Although the initial nuclear reactions (lAxlch are in a vay responsible 

for all the features of a nuclear ejqplosion) take place inside the bcnb 

and are over in a fraction of a mlcrosecoM, nuclear radiations persist 

for long periods after the burst aisl are scattered or radiated from atoms 

f&r outside as veil as Izislde the boob debris. Approximately 90 per cent 

of the neutrooas generated are absorbed vithln the bomb, but the remaining 

fraction tdiich escapes creates iapressive doses in the air. An even larger 

percentage of the gamma-rays emitted during the fission process are absorbed 

In the bomb, but gamma rays coming from the excited fission fragment nuclei 

continue to radiate for long times. A further source of gaaoKi-rays results 

from neutron captures in nitrogen vhlch lead to the emission of gamma-rays 

about 6 per cent of the time. 

Since a bomb may be vieved as a source of a fixed nuBiber of neutrons 

the total neutron fliix as a function of the distance from the e:igplosion 

can be expected to fall off as the inverse square of the dlstcmce 
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corresponding to the increasing area of spherical surfaces at larger 

radii. In addition, the flux vlll be reduced by the removal of neutrons 

absorbed in the air along the vay, \diich leads to an exponential-type 

decay of the flux. 

2 X 1 0 ^ \L - -5^ 

4 
vbere p is the density of air in grams per liter ('v. 1.1 for average con

ditions). In this esgpression it can be seen that the neutrons per square 

cm Increase in proportion to the yield (vhich is only approximately true 

and depends sensitively on the particular veapon) and decreases not only 

vlth the inverse square of the distance but by an additional e:gponentlal 

decay. Using the conversion to rads, this formula becomes 

N - ̂  ̂  "̂ ""̂  " ^ e" ̂  rsA. 

The source of gamma rays, being dependent on neutron captxires and on 

fission fragment decays, is both a complicated fVuiction of time and space. 

The fission fragment radiation decreases vlth time about proportional to 

the inverse 1.2 pover of the time, idiile the capture gajmaas are nearly 

all generated in the first l/lOO of a second. Although the gamma-rays 

traverse the air vlth roughly the same kind of geometric decrease and 

absorption behavior as the neutrons, the relatively long time for their 

emission allovs the shock movement of the absorbing air to influence the 

dosage at distant points. This hydrodynaalc effect can cause large in

creases in the gamma-xay doee over that dose irtilch could be ê gpected in 

file:///diich
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the absence of the expanding shock vave. But the effect caiuiot be 

liqportant at the Bkost close-in distances \rtiere very little absorbing air 

lies betveen source and receiver even before the blast. Neither can the 

effect amount to much at very large distances vhere the air motions are 

both negligible and late. But at the intermediate ranges, ̂ lAiere many 

mean-free-paths of air stand in betveen, and vhere the shock motions are 

impressive, the hydrodynamic effect must be included in any analysis lAiich 

aims to predict (even approximately) the levels of radiation. 

Since the shock vave is nearly syanetric about the bomb, it does not 

incfluence the spherical character of the gamma-ray flux, but it does change 

the character of the absorption and scatteiring (Fig. l). In a foxmulation 

similar to that describing the neutron flux, the hydrodynamic effect can be 

roughly included by allovlng the mean-free-path (x) and the effective 

amplitude of the source (a) to be functions of the yield: 

3 X 10^5 ̂  . ^ 

D » ^ ==. a e * roentgen 

^ft 

a ^ 1 • .005 V ^ 

X - 1300 + 30W + 3W^ ft 

.1< \ ^ < 20 

Properly, the dose is a more coaoaplex function of both the yield and 

the range, but over a limited span of yields and for radii corresponding 

to a fev thousand feet, the above formula may suffice. 

As an example of the relative neutron and gamma-ray doses, the 

approximate dose at half-mile intervals from a one-megaton burst are 

file:///rtiere
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listed in Table 1 together vlth the approximate ovexpresstire to be 

e:gpected at those distances. Note that the neutron dose is dominant 

only at the closest station. Such a cross-over betveen neutron dominance 

and gamma-ray dose dominance is to be expectei, since the source strength 

is greater for neutrons, but so also is their decay rate. 

Table 1 

DOSE VS DISTANCE - ONE MT 

Qaama Neutron Distance Overpressure 

-v 40 r A, .5 rad 2 miles -v 10 psl 

v̂ 500 r ô  20 rad 1.^ miles 'v. 20 psl 

'V 10,000 r -\, 1,800 rad 1 mile 'u kO psl 

•V. 200,000 r ^ 330,000 rad .5 mile ^ 200 psl 

These nunbers reflect the high levels of nuclear radiation present 

in the air, and in order to reduce the dose to tolerable levels inside 

protective structures some shielding must be accomplished. What functions 

shields mtist perfbxm is obviously related to both the nature and intensity 

of the radiation and to the sensitivity and location of the equipment or 

personnel to be sheltered. Some general properties of aiad requirements 

for shielding can be set dovn, hovever. 

Since a shield vlll ordinarily be required to stop both neutrons EUid 

gaana-rays, it should be planned to include materials appropẑ iate to the 

absorption of each. Gaana-rays are flK>re readily stopped by the heavier 

elements, the most connon such element being lead, but iron is also quite 

efficient. A rough idea ̂ diat effect various common shielding materials 

have on the fission fragment gamma-rays can be seen frcm the thicknesses 

required to reduce the flux by 50 per cent. To this effect, it takes six 
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inches of concrete or eight of earth or tventy-four of vood vhile only 

one and one-hsLLf of steel vlll do, and a mere half-inch of lead vouM 

reduce the prompt gamma dose to half its initial value (Fig. 2). 

Shielding for neutron fluxes is not entirely a si]l̂ >le matter of 

Intezposing dense materials, since the neutrons, as uncharged particles, 

can move through heavy atoms like a golf ball driven through a pile of 

bovling balls. But, by the same analogy, a golf ball hitting a bucket 

of golf balls loses its energy much onre rapidly. On each collision 

of a golf ball vlth a bovling ball, their total momentum is unchanged, 

i.e. is conserved. In doing this, the massive bovling ball need acquire 

very little of the golf ball's velocity and hence receive very little 

kinetic energy from the golf ball to still conserve momentum in their 

collision. On the other hand, a golf ball striking another golf ball 

results most often in both acquiring half the initial ball's velocity, 

thus on each collision the incident ball loses about half its energy. 

In an analogous v&y a neutron may pass through heavy-element material 

vlth little loss in energy, vhile a neutron in hydrogenous material or 

matter composed largely of light atomic elements, such as vater or plastic 

or other hydrocarbons, may be sloved dovn to essentially thermal energies 

and then may be more likely captured in scne nucleus. Shields for energetic 

neutrons, then, are best designed vlth light elooent components. But, in 

some neutron captures very energetic gamma-rays are emitted, so that, for 

proper shielding frcm these, more heavy element materieuL may be Included. 

A reasonable coiiQ)romlse is often possible vith reinforced concrete or 

special concrete mixtures with iron ptmchings or with boron salts added. 

For more exotic designs, laminates of lead and plastics or parafln or 
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vater are used. Some materials produce radioactive lsotoi>e6 upon absorb

ing neutrons, so care should be exercised to avoid those elements that 

have radioactive half-lives long enough to cause continued danger. It is 

veil to note that the first fev inches of shield may reduce the neutron 

flux more than succeeding inches, since the first Inches screen out imaiy 

lov energy neutrons (as veil as fast ones), leaving only fast ones for 

succeeding inches of the shield. Except In the first fev Inches, vhere 

the effectiveness of the shield is even greater, it takes about ten inches 

of concrete to reduce the flux by a factor of ten, or about tveaty inches 

to cut it by a factor of 100. Special heavy concrete may be as effective 

in thinner layers, seven inches being roughly equivalent to ten inches of 

normal concrete. The use of colemanite or other boron salts in the mix 

can result in even greater absorption ability, since one of the natural 

isotopes of boron has an unusual affinity for the slov neutrons. 

For many but not all situations, the necessary earth cover or con

crete and steel for blast protection is more than a sufficient radiation 

shield. 
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III. FIREBALL FOBMATION 

In an e:!gplosion of something like a one-megaton bomb there is a 

15 release of energy eqpilvalent to 10 calories in a time much less than a 

millionth of a second and in a mass of a very fev tons. Such a high 

energy density leads to temperatures of millions of degress, and leaves 

much of the energy in the form of radiation. This radiation qfiite quickly 

diffuses out of the bomb and into the air. Unlike ordinary visible light, 

the radiation from the boDib materials at such high temperatures is mostly 

in the form of X-rays and ultraviolet light and "light" of these high 

frequencies does not go to large distances in air. Bather, it is absorbed 

in the air immediately around the bomb, causing that air to be heated to 

teaqperatures in the neighborhood of a minion degrees centigrade. But 

air at a million degrees becomes quite transparent even to X-rays and 

ultraviolet light, so that subsequent radiation from the bomb can traverse 

this region of hot air more freely cuad vlll suffer less absorption. By 

such a process, then, this initial region of hot air continues to grov 

as energy pours out of the "bomb, and, since the cold air is still quite 

opaque, a rather sharp front is maintained betveen the cold air outside 

and the hot air inside. 

The initial grovth of this isothermal sphere is much faster than 

hydrodynamic shocks can move, even at these exalted teagperatures. But, 

as the energy e;gpands by this radiation diffusion process into larger 

and larger volumes of air and its temperature drops, the speed of the 

expansion decreases, until, at about 300,000 C, the rate is comparable 

to a shock speed at the same temperature. After that, an extremely 
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strong spherical shock vave develops and races onvard at unbelievably 

high Mach number. For a 1 megaton burst, this transition should occur 

at a radius of about 13O ft from the bomb. The extremely strong shock, 

driven by the high pressures in this hot sphere, begins to cooqpress the 

air some ten-fold above normal air density euad to force this hot air 

outvard close behind the shock front. Since the shock is expanding into 

continuo\tsly larger volumes of air, its strength, and, consequently, its 

ability to heat the air it engulfs, decreases rapidly vlth increasing 

shock radlvis. Although the shock-heated air is initially at teiqperatures 

veil belov the interior teagperatures, it is hot enough to be intensely 

luminous (vith intensities many times that of the sun). This shock front 

is the source of the early thermal radiation. As this shock decreases in 

strength, its luminosity decreases so rapidly that the total radiation 

from the fireball also decreases in spite of the increasing area of the 

ej^andlng shock front. 

Figure 3 illustrates the early temperature history of this blast 

vave, shoving the teaperature in degrees on the Kelvin scale (the absolute 

centigrade scale) for a one megaton svirface burst. The earliest curve 

(.075 Bs) is cheû acterlstic of the nearly isothermeil fireball formed by 

the radiation diffusion. At later times the shocked air beyond the 

Isothermal sphere (vhlch is ê gpanding) shows as a region of lover temp

erature. As the shock decreases in strength, it heats the air less, so 

that the air behind the shock is hotter than that Just at the shock, and 

a steep Increasing gradient in tesqperature exists from the shock front 

back to the nearly unlfom hot interior. 



p-1951 
3-31-60 

12 

Since the rewLlation diffusion grovth is initially too fast to induce 

appreciable motions in air, the air is left at essentially normal air 

density vhile its temperature and press\ire are raised to values like a 

million degrees Kelvin and a million psl. As the radiation vave slovs 

in its grovth and the high pressures begin to build a strong shock, the air 

in the hot interior begins to expand to lover densities and the shock thus 

formed coŝ iresses the air eihead to many times xx>rmal air density (Fig. k). 

The interior of the fireball rapidly becomes evaciiated, so that by the 

time the shock has decreased to a peak pressure of 1000 psl ('v 7'*' IBS SJOISL 

1500' for 1 MT) the interior density is about one-hundredth of normal air 

density. 

The pressure profiles at these early fireball times are shovn in 

Fig. 5< The earliest air overpressures are indeed like a million pounds 

per square inch, but rapidly drop as the fireball grovs, so that a peak 

overpressure of 100,000 psl occurs at about 350 ft (for 1 MT) and an 

overpressure of 10,000 psl occurs at about twice that distance 'v. at TOO 

ft. As a little more than double the distance again, at about 1,500 ft, 

the peak overpressure is dovn to 1000 psl. 
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IV. THEBMAL RADIATION 

Figure 6 shews temoperature profiles at late fireball times (as 

indicated) for the same one megaton surface burst. This is an appropriate 

point at vhlch to digress from the blast history to discuss the nature of 

the thermal radiation. As vas mentioned, most of the earliest light from 

the bomb cannot go far in air, but as a shock develops, euod the surface 

of the fireball becomes a sharp shock front, it begins to radiate strongly 

in the visible at en Intensity characteristic of a blackbody at the shock 

temperature. At times earlier than times illustrated htte, only a fraction 

of the blackbody rate (vhich is proportional to the fourth pover of the 

teaperature) is in the visible spectrum, and only that fraction vhlch is 

in vave lengths in the visible or infrared cem go to large distances. 

The pover or rate of thermal radiation at the earlier times, then, can 

be e^^ressed GU3 proportional to the surface eurea of the fireball {2n R_) 
s 

times the specific blackbody radiation rate at the shock teaperature 
k 

oT , but modified by a factor indicating the fraction of the spectrum 

that can pass through cold air f(T ). 
B 

P = 2JtR̂  o- T^ f(T_) 
S 8 B 

At times as late as shovn in Fig. 6, the shock front itself is 

beeonlng so cool that it is no longer strongly luminous, and the hotter 

air behind begins to shine through it. Since the hot interior is still 

expanding and since the radiation Intensity Increases rapidly vith 

increasing effective teaperature, the thermal pover rises rather sharply 

at this time. As the rate of radiation Increases, it represents a rapid 

heat loss vhich depletes the store of energy in the fireball, and, as 
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the teaperature drops the thermal pover again decreases. Tbe depletion 

and cooling is less rapid, so that the thermal intensity trails off over 

a period of ten or more seconds. This sequence of optlcal-hydrodynamlc 

events results in a first fast wRrlmiwi in the thermal radiation followed 

by a Tq-tiTinqT* at arouud a tenth of a second and by a second maxinnai at 

around one second. Since both the time duration of the first nwvlmtim is 

short and the size of the fireball is small, less than half of one per 

cent of the boob's energy is radiated before the minlmna in the pover 

pulse. Tbe secoxxd pulse is longer and radiates from a larger effective 

surface, so that it emits nearly one-third of the total yield. The main 

piilse of thermal radiation reaches a maximum in about one second (for the 

one megaton case) and, as mentioned, lasts about ten seconds. Such huge 

amounts of energy radiated in such a relatively short time vlll result 

in iiqpressive heat loads on any exposed surftices. Light weight, thin, 

dry, flamable materials may be ignited by this heat load out to very large 

distances. Energies from five to fifty calories may be required, hovever, 

end thicker, denser or daa^r materials may only char on the surface 

vithout igniting to sustained burning. Ubder the most "favorable" 

conditions, such fires could be started at distances as large as ten 

miles frcm a one megaton explosion. Degrading factors such as attenuating 

or scattering clouds, smoke, haze, fog or dust or chance shielding by 

intervening topography, structures or natural grovth must be considered for 

large yield sxirface burst effects. For the large yield explosions, the 

pulse occurs over a sufficiently long period of time for ê gposed surfaces 

to char and smoke but in so doing to create partial shields against the 

bulk of the iapinging thermal energy. They thus ê qjerience less thermal 
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damage them could be expected from the total heat inputs. In all of our 

Pacific tests, there has been no instance (to the author's knowledge) 

vhere fires were started at distances beyond those for serious blast 

damage. 

At the very close-in positions of hardened Installations the thermal 

phenomenon is more one of an intensely hot bath in the fireball gases than 

one of incident thermal radiation. Figure 7 illustrates the time history 

of the air tanperatiure at scne high peak overpressure levels. At kO psl 

one is outside the fireball's maximum radius, so that as the shock strikes, 

the air is raised about 1^0 ̂ C but is then cooled vithln a couple of 

seconds to nearly normal air teaperature again. The 100 psl station is 

on the edge of the fireball, and so the teizs>erature continues to rise 

Bowevh&t after shock arrival. The shock, being stronger here, heats the 

air to a higher teaperature initially (about 1*00 °C). The air behind 

the shock is still expanding, but since that air vas shocked to even 

higher temperatures, it ê gposes the 100 psl point to higher and higher 

temperatures until the expansion stops. The air flow reverses and 

eventually ends in tbe general rising avay of the hot remaining fireball. 

The 200 psl point is well inside the maximum fireball radius, and 

the teaperature rise after shock eorival indicates that much hotter air 

engulfs this station. Here the temperature rises from a shock value of 

1000 °K (-v 700 °C) to about MXXJ °K in less than a second. 

Since the fireball is like a bubble in the atmosphere, it begins to 

rise and so pulls avay from the earth's surface in Just a fev seconds. 

Using a very approximate model for the effect of this fireball rise on the 

teaperatiire history at the distance corresponding to a peak overpressxire 
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of 200 psl, it appears that the hot teaqperatures of the fireball interior 

VlU be reduced at this ground range in about the maiu»r indicated by the 

decreasing tail on the 200 psl curve of Fig. 7* ^bus a decrease begins 

after four or five seconds of expoBoxe, and in fifteen to twenty seconds 

the air teiQ)eratuj:« has returned to normeil. The other high teiQ>erature 

curves would be similarly reduced at late times by the same effect. 

At the 1*00 psl and tbe 1000 psl levels the temperatures rise to even 

higher levels, but subsequently show a more rapid drctp (at times less than 

one second) due to tbe thermal radiation loss vhich becomes significant 

even before the fireball has begun to rise. Even at these high levels 

one need not esgpect serious thermal damage to protective structures, 

since the duration of the heating is too short for serious heat conduction 

beyond the surface layers of ejgposed materials. Some pitting and charring, 

even some evaporation or blow-off on steel or concrete can occ\ir, but 

reinforced concrete doors mounted flush with the ground surface at 1000 

psl from a megaton explosion should not suffer real damage. Slonents 

exposed above ground level may suffer more thermal damage, but most such 

structures will also be more sensitive to blast damage. 

Designs must work to avoid damage to door seals or to interiors 

through contact vith the hot fireball gases. Ingestion by ventilating 

systems and other openings must be prevented, but the major design pro

blems do not hinge on the temperature or thermal radiation effects that 

characterize the fireball. There are some even less desirable features 

than this heat to existence in the inhospitable environment of the fire

ball interior. 



p-1951 
3-31-60 

17 

V. AIR BLAST 

Returning to the history of the blast, one finds in Fig. 8 the over

pressure profiles extended to later times, larger distances and lowsr 

overpressure levels. If one notices the nature of these profiles at the 

earlier times (before one second), the pressxtre-time relations (to be 

discussed next) may be more easily xtnderstood. Note that the pressure 

drops rapidly Just behind the shock as one goes to smaller radii, vhile 

in the Interior there are essentially no pressiire gradients. The interior 

is the very hot region of the fireball vixre pressure pulses of any sort 

are transmitted outvard very rapidly because of the accompanying high 

sound speeds at these high temperatures. Near the front, however, the 

observed positive pressure gradient (as a function of radius) is a necessary 

feature of the spherically expanding shock, in vhlch the interior gas Is 

constantly decelerated as the shock runs into more and more stationary air. 

Becatise the pressures are so uniform inside the shock and because the 

pressure rises and falls so sharply at the shock front, the time history 

of the overpressure at any point is characterized by a bimodal decay (Fig. 

9). IJPBBedlately after shock eorlval the decay is dominated by the passage 

of the pressure spike associated with the shock front itself. Then, 

shortly aftervards, the decay is dictated by the general rate of pressure 

decrease in the more uniform interior, vhlch has by then ejgpanded over 

the position in question. This time history can be quite veil described 

at all pressure levels by the sum of tvo decreasing e:gponentlal functions, 

representing the two decay rates. 

-aP - £^Ue'^^ + be"^*)(l - 5/D"*") 
B 
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In order to force this fit to go to zero overpressure at the end of the 

positive phase, a linear factor has been Included irtilch becomes zero at a 

time equal to the duration of the positive phase, (D ) trtiere the time is 

measured as the time after shock arrival. 

Figure 10 displays the positions of the shock front from a one megaton 

stirface burst illustrating very generally the relative position of the 

fireball and crater. The rapid increase of peak overpressure as one moves 

closer to the burst point is strikingly evident. Note that 100 psl occurs 

Just at the edge of the fireball. The high transient winds or air velocities 

accoagpanylng the shock emphasize the Importance of placing protective 

structures below or at least flush vith the surface. The short solid lines 

below the ground indicate schematically an expected reduction of peak over

pressure at depths. Tbe dashed lines are intended to indicate generally 

the relations between the air shock position and the vave front in the 

soil at corresponding times. At the higher overpressures (dovn to 200 or 

300 psl) the air shock speed is faster than the seismic velocity of the 

soil, so that the coeqpresslou vave in the soil lags behind and propagates 

dovnvard fron tbe surface along a shallow saucer-shaped vave front. As 

the air shock speed contlnvies to decrease, at some point it drops belov 

seismic speeds, thus allowing vaves in tbe soil to move out ahead of the 

air blast. This feature leads to some coiqpllcatlon in the ground shock 

Interpretation^ and will be touched on again in discussing the ground 

shock problems. 

Scmte general features of the blast vave are Illustrated as a function 

of the peak overpressure in Fig. 11. Independent of veapon yield, the 

shock teaperature, peak dynamic pressure, shock velocity and maximum 
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particle velocity at any point are related to the peak overpressure at 

that point as shovn in Fig. 11. The teaperature and velocities increase 

vith increasing peak overpressure, but less rapidly than the peak over

pressure itself. The peak dynamic or vlnd pressure rises very rapidly, 

hovever, increasing more like the square of the peak overpressure at lov 

overpressures and becoming proportional to the overpressure Itself only 

at the highest levels. 

The shock radius and the time of shock arrival depend on the ejgplosion 

yield, being longer by a factor \r'^ (in MT) for energies greater than a 

megaton. 

The impulse of the blast vave is often a significant parameter in 

damage prediction. The impulse is the time integral of the pressure taken 

over the time of the positive phase. Figure 12 shovs the general relatimi 

of the iapxilses for overpressure and dynamic pressure (along with the 

durations of each) to the peak overpressiure. From this figure one can 

determine that the overpressure iagpulse Increases (with Increasing over

pressure) like the square root of the overpressure belov 1000 psl, and 

about like the cube root at higher overpressures. Since at the higher 

overpressure levels the overpressure itself is proportional to the inverse 

cube of the radius, its iiqptilse then is roughly proportional to the inverse 

radius. Tbe dynamic pressure iapulse decreases only very slowly with 

decreasing overpressure above 100 psl, being proportional in that region 

to about the fourth root of the overpressure, but it drops fron importance 

exceedingly rapidly at lover overpressures. 

Althotigh tbe total durations of the positive phase of overpressure 

and air velocity are not changing much with overpressure, as one moves 
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to higher overpressures the bulk of the ixqpulse is delivered more nearly 

in the first few milliseconds rather than uniformly over the vhole positive 

phase. As vas illustrated In the pressure-time curves, the pulse shapes 

at high overpressures are much more peaked than at lower overpressures, 

and the exact duration of the positive phase is less important there 

than it is at the lô icst overpressure levels (lAiere the pulse becomes 

nearly linear in its time decay). 
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VI. CRAOBRIHG 

The depression left by a megaton bomb exploded on the surface of the 

ground is quite iaqpresslve. Tbe general nature of such nuclear craters 

is typical of craters fl«m a vide variety of explosive or iaQ>act sources. 

Tbe one HT-surface burst crater (Fig. 13) is relatively shallow, having 

a diameter -vblch is about nine times its depth. The dimensions, relative 

shape and zones of rupture and permanent displacement of soil vary videly 

according to the properties of the earth medium. Ba-rd rock, of coiirse, 

yields the smallest craters, wet soils the largest, althoxigh if the soil 

is saturated, the crater depth may be quite shallov. FOr a one megaton 

surface burst on dry soil, one can e:Q>ect the volume of the hole to be 

of the order of 100 million cubic feet, representing the excavation (or 

coogpaction) of a fev million tons of soil. 

T33e precise height or depth of burst has a very important influence 

on crater and on the bonb energy delivered into the soil initially. Some 

consideration of the role of monentim conservation in the initial energy 

partition betveen air and ground (for a surface burst) laay help explain 

this sensitivity to depth of burst. 

A true contact burst might be ejgpected to deliver half its monentun 

dovnvard into the soil and half vgpvard into the air. However, only a 

fraction of the bonb energy finds its vay into kinetic motion of the 

bonb materials. Further, since the soil is at least a thousand times 

denser than the air, the velocities laparted to the soil are less than 

those created in the air by Jtust this ratio of the densities, if saonentum 

is to be balsmced in accord vlth Nevtonlan notions. The kinetic energy 
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i]iQ>arted in this vay vlll be proportional to the square of the velocity 

and so vlll be much less in the dense material. Actually, something like 

1^ per cent of a one megaton ejqplosion's energy starts out into the ground. 

Tbe extremely high energy densities and teiQ>eratures of a nuclear 

explosion guarantee the validity of a hydrodynamic treatment of the close-

in soil response, since the initial strong shock vlll vaporize the soil 

for some distance. 

Using a tvo-dlmensional hydrodynamic model, and including the effect 

of the equation of state of one type of soft rock, Robert BJork, Hancy 

Brooks and myself at RAND have done some preliminary calculations of 

such a surface burst. Figure Ik shovs the pressure contours as calculated 

at about one-tenth of a millisecond. Pressures are in kilobars, so that 

the highest pressures are about seven megabea>s and are centered in the 

dovnvard hemispherical shock at about seven meters radius. Tbe presence 

of the surface has already caused some relief of pressure at shallov 

depths, but the main shock appears to be fairly unlfora and spherically 

diverging in a vertical cone of about 90 vldtho 

Figure 15 Illustrates the velocity field at this same early time, 

vith the same portion of a spherical shock appearing. Rock vapor is 

already streaming vgpvards at velocities of several tens of meters per 

millisecond (or tens of kilometers per second)! 

At a time of some fifty milliseconds the pressure contours still 

shov much the same curved shock vith continued surface relief (Fig. l6). 

Tbe shock strength is now dovn to about seven kllobEurs at a depth of 

160 meters, and presstures are approaching a level vhere hydrodynamics 

should give vay to considerations for the solid state properties of the 
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rock—the medluai Is no longer a true fluid. But carrying the calculation 

farther may lead to reasonable first notion Infozvation (i.e., peak 

velocities azul stresses), in spite of the failure of the fl\iid laodel to 

inclvide the elastic properties of a solid. In Fig. 1? the velocity vectors 

at about ̂ 0 Billiseconds shov the sane spherical nature vlth the high speed 

Jetting above the surface typical of such a burst. Figure 16 shovs a 

continuation of this probloa to 100 xallUseconds, tdiere the shock pressiures 

are like 3 kllobeurs at a depth of 2^0 oeters (•x. 800 ft). These are 

pressures of an avkuard level to treat: too high for clearly elastic 

propagation and too lov for hydrodynamics to be rigorously applicable in 

many earth aaterials. Crushing, plastic and vlscoelastlc behavior could 

be ê qpected to have important Influences on both the subsequent vave 

propagation and on the response of an Imbedded structure. In this 

analysis, the portion of tbe shock running vertically belov the burst 

point remains the strongest, and it may represent a significant limitation 

to the survivability of structures directly underneath a large yield 

explosion. It remains to be stated that almost no field eigperience exists 

in this regime directly under a crater, although the lack is recognized 

and is being remedied to some extent. 

The corresponding velocity field of this 100 ms time is shovn in 

Fig. 19* A gratifying, if fortultlous, aspect of tbe velocities at both 

this time and at the previous 30 ms time is the rather clear division of 

iqpvard and downward motion by a contour not unlike that lAtlch represents 

the ejg;>ected final crater profile. 

Figure 20 displays the relations between peak pressures (or stresses) 

versus distance from the point of burst along tbe vertical (v), tbe 

horizontal (H) and along a diagonal at 45® frtam the vertical (D). 
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Ignoring the varioiis other curves on this graph, one should note that the 

early decay of peak pressure follows an inverse cube of the slant distance 

from the burst point, as expected for a strong shock In any medium. At 

the lover pressures the decay approaches a more gradual decay—^more like 

the inverse square or inverse three-halves power of tbe radixis. The 

pressures along the horizontal continue to drop more rapidly even at low 

stresses since here the rock is in more intimate contact with the much 

lower air pressures. 

Figure 21 offers some idea of the peak velocities as a function of 

radial distance from tbe burst point. The maximum velocities occur in 

the veziilcal direction and along a vertical line below the burst. Tbe 

horizontal ccaQtonent of velocity along this same vertical line is very 

small, indicating mainly the effect of the divergence in the eaqpftndlng 

shock wave. The peak velocity coaeponents both vertical and horizontal 

along the surface are as much as a factor of two or three smaller than 

the maximum velocities along the vertical. 
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VII. GBOUKD SHOCK 

Figure 22 should give some feeling for tbe relative dimensions of 

the air and ground shocks at about 77 as, a time idien the air shock peak 

overpressure is 1000 psl. In addition to tbe intense direct shock in 

the vicinity of the crater, a ground shock is Induced under the air blast 

slap at the larger distances. As indicated earlier, the air induced 

portion of tbe ground shock is initially directed quite vertically since 

the air blast eigpands so much faster than tbe pressure pulse in the ground 

can travel. Labeling this region as "superseismic," Fred Sauer of Stanford 

Research Institute has provided the semleBQ>lrlcal and very aj^roximate 

fonulas of T^ble 2 as guidance in detexnlnlng tbe levels of ground shock 

in this region between the point \rt31ere tbe direct or craterlng shock 

ceases to dominate and tbe distance (or overpressure level) lAiere tbe air 

shock speed becomes less than the seismic velocity in the local ground 

materials. 

Table 2 

SUPEBaEISMIC GBOUHD SHOCK 

Maxima at 5 ft depth 

(C. " seismic velocity in rock « jr seismic velocity in soil, ft/sec) 

Vertical acceleration: - ~ « !-=• g/psl - 3056 
^ s '̂ L 

(s •> specific gravity - dlmensionless) 

Velocit,. '^.^t^t^ 
B It 

(I » ovezpressure impulse in positive phase in psl-sec) 

file:///rt31ere
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(Table 2, SUFEBSBiaOC aBOUBD SHOCK continued.) 

Displacement: f H . ^ ( ^ ^ ) i ^ ^ t y^ 
p L 

Stress: <r « /iP„ 

q+«4„, Jia . H X 10^ _ FPKH- ^ 
strain: ^ - - — ^ Jii * ̂ O* 

Note that the vertical acceleration is siaqply proportional to tbe 

peak ovezpressure of the air shock {^ ) and Inversely proportional to 

tbe seismic velocity in the medium. For an exaople, consider a soil 

with a seismic velocity of 4000 ft/sec (so C. " 3000), then from tbe 

Information on the air blast (Fig. 11), one can determine that the air 

shock velocity is faster than this seismic velocity at peak ovezpressure 

levels above about 400 psl. If we consider a 5OO psl peak ovezpressure, 

this formula would give the maxlmium vertical acceleration as 57 g'8» 

with tbe uncertainty of 30 per cent allowing the value to be anywhere 

between 40 and 74 g's. 

For the saioe exajgqple, and assuming a cfpeclfic gravity of two, the 

peak vertical velocity, according to Sailer's foznula, becomes six and 

one-fourth feet per second, or between five and seven and one-half feet 

per second. 

Since the impulse in the air blast depends on yield, the nmYim̂ iw 

displacement is a function of both tbe peak ovezpressure level and tbe 

e:q>losion yield. For a one megaton surface burst, and again at the 

500 psl point, tbe ovezpressure impiilse is about 40 psl-sec, so that 

for this same soil exaatple the displacement is predicted as between 
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five and ten inches with a best value being seven and one-half inches. 

Although the actual peak stress at depth will depend very much on 

both the nature of the blast aad tbe nature of tbe soil, at shallov 

depths in most media and for large yield e3g>losions it can be assumed 

to be Just the same as the incident peak ovezpressure. Strain, of course, 

will depend on the seisBd.c impedance of the material, so that for our 

exajqple the strain In parts per thousand will be about three, or between 

two and four* 

In order to estimate tbe ground shock in the more cooqplex region where 

tbe ground shocks can outinm tbe air shock, Sauer has provided tbe 

following approximations* 

Okble 3 

OBOUID SHOCK OUXRUDIIHa 

r - R / W ^ Kft/(HT)^/5 

Acceleration: a - ^-^LJS! g t J«Jor ^ j*uwcxc*̂ wAMu* » ^ « .2 * factor 2 

°L^ 

Velocity: v^ - i - 3 ^ ft/sec t ^ 
3Cj.r 

Displacement: -^7? - ^ ^'^ tt, 
yr'^ SC,r^ L* 

(reference depth: 10 ft) 

To employ the same example of a soil with seismic velocity 4000 

ft/sec (C. a 3000) and specific gravity of two for the 100 psl point in 

a megaton e^loslon, one must first determine tbe appropriate radicLL 

distance at which one megaton 100 psl occurs (from Fig. 11 it is about 

. * 
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3500 ft), so that tbe radial parameter in these formulae becomes three 

and one-half and the maximum acceleration formula gives about five g 

but with a possible range from two to twenty g equally esqpected. Such 

a wide range stems in part from the fact that la this "outrunnlBg* region 

signeOs froB reflecting or refZucting layers In the soil can cause large 

variations, but also fzvm the fact that the signals from $ls«irtiere in 

tbe air blast slap may overlap or pile IQ> as a consequence of the extremely 

rapid changes in tbe driving air shock. Figure 23 perhaps overea^hasizes 

the irregular and uqpredictable nature of the accelerations in tbe out

running phase. Note that some signal arrives prior to tbe shock arrival 

directly above the station (t « O). Sote also that the maximum accelera

tion occurs well after shock arrival. One can at least derive some 

reassurance fztmn the fact that the peak acceleration is less at depth 

ai^ that scne of the shazpness or higher frequency components are missing 

as one goes deeper. This aspect points to a weakness in the applicability 

of elastic wave propagation, since aisy soil or rock must exhibit some 

energy absorption and nonllnearlty. Dissipative aeebanisms either natural 

or artificial can be extreiaely effective in reducing peak stress or 

velocity—and a few applications have relied heavily on Just such properties. 

Following tbe same example, one finds the mRylmwm velocity for the 

100 psl point (but 10 ft down) tvom a one MT burst lies between three fad 

nine ft/sec, with a mean prediction of five and four-tenths ft/sec. 

Similarly, the maylmum displacement for this case coaiBes out as about 

IX) inches, but here, as with the rest of these s«Bi-eBplrlcal formulae, 

Sauer has many words of caution for tbe user. These eigpressions will 

surely fail when pushed to regions of ovezpressure, or yields of weapons. 
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or types of soil or rock much beyond the realm of our test experience, 

Tbe underlying assumption in fozmulating these 8ced,ing rules has been 

that of elastic respozuie, a fact which cannot be overeaqphasized since it 

requires only a little imagination to picture conibinations of natural 

materials and levels of stress ̂ î iich can result in very nonelastlc 

responses* 

In designing for shock isolation some Infozmation on the frequency 

characteristics of the ground shock is helpful. At high frequencies 

(greater than 'v 100 cps), the accelerations are most significant, since 

neither large aaq;>lltudes nor high velocities are likely to occur when the 

motions are reversing hundreds of times per second* But between 100 eps 

and about one cps, maylaum velocities can become liqportant* At the lowest 

frequencies the concezB is not for velocities or accelerations, which are 

likely to be qoite modest, but for the actual dlsplaooBents, since at 

fractions of a cps the a]q)litudes of oscillations can became a matter of 

several feet, and isolating or dsuaplng mechanisms must provide adequate 

room to swing without colliding with walls and unmotmted equipment. 

On this basis, a convenient form in ̂ Aiich to express tbe shock 

spectra input to a structure is on a harmonic plot which q^cifies a peak 

acceleration above 100 cps, a peak velocity between one £ind 100 cps and 

a maximum displacement below one cps. A plot coabining all of these is 

roughly possible because of the haznonlc nature of elastic wave propaga

tion, and Fig. 24 is such a plot for the vertical ground shock iqpectra, 

showing some arbitrary limits for 100 psl and 500 psl for a soil of fairly 

representative properties. These limits are intentionally on the high 

side to compensate for some of the uncertainties in tbe inputs. Figure 25 
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illustrates similar estimates for the horizontal grotmd shock aotiozui. 

CoBiparison with the vertical spectra of Fig. 24 will show that although 

mRxlmum e;)g>ected accelerations are about the same, peak velocities and 

maximum displacements are estimated to be much less in the horizontal 

direction. 

The specifications so far have not considered the attenuation with 

depth in tbe soil, ^lite generally, it can be said that tbe high 

frequency components of the ground shock will be most rapidly attenuated, 

but since the frequency distribution Is not simple and since the attenuat

ing mechanisms are xx>t easily predictable, no precise attenuation rules 

can be offered at present. H. M. Heumark of tbe Ublversity of Illinois 

has stiggested an empirical form fbr the attenuation of pressure and 

vertical velocity with depth. The approximation depends on the duration of 

the blast iM^vHjae as approximated by the duration of a triangular pulse 

having the same peak ovezpressure and total Impulse of tbe air blast (t.). 

•"d ""d « 1 
za»„ v^ " 1 + d/L 

S 8 ' 

\Atere cr. • earth stress at depth d 

V, » earth particle velocity at d^th d 

d • depth in ft 

L - 750 tĵ  -x. 300 (^)* \^^ ft 
s 

^ « < 500 psl 
9 

file:///Atere
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This fozmi requires fttrtber modification for applications above 500 

pel, since tbe high shock velocities at the higher ovezpressvire levels 

teM to reduce the attenuation by tbe more rapid loaxilng of larger surface 

areas. 

L - 138 (^'^ ^ 5 ft 

APg > 500 psl 

It should be emphasized that this formula is very approximate and 

cannot account for wide variations in types of soil, nor does it allow 

for much dissipation in the soil (which at higher ovezpressures, partic

ularly will be appreciable). 

The presentation here Is too limited for extensive d l s c w s i o n of 

design teclmlques in protective construction. A ratber loosely connected 

but quite broad coverage of the various design considerations and special 

features is contained In the BAHD Cozporatlon report on last year's 

Protective Construction Symposium (R-341). I recomMsad it as both 

interesting reading and as an excellent suaaary ani bibliographic source. 

Spallation is one possible feature of strong earth shock interaction 

with underground cavity walls. Figure 26 schematically indicates this 

effect. If an l]Q>inglng coupressional wave is both shazp enough aad 

strong enough to create tensions (or pressure gradients) near the cavity 

surface which exceed the tensile strength of tbe material, slabs or chips 

may shatter off* Spallation is less likely wten tbe loading pulse is so 

broad or gradual that no large stress differences occur over distances 

comparable to tbe cavity's shortest dimension. As one goes to large 

yields and to large depths, the ground shock pulse shotild become less 
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shazp, so that spallation may became less important than shock isolation 

in many applications. 

# 
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VIII. AFSBB. EFFBCTS 

:&ving possibly survived a near miss in a protected installation, a 

question of some importance to a missile system would be hov soon can 

doors open and birds fly. Smoedlately following tbe blast wave positive 

phase, a negative phase sets in, in ̂ Ailch the winds reverse aad blow 

towards ground zero, and the ovezpressure becomes negative. The negative 

ovezpressuire can approach as much as three psl of suction idiich could 

exert considerable lift on a sealed, pressurized installation. (A three 

psl partial vacuum could lift a concrete lid three feet thlcki) 'Sae 

reversed winds may be strong enough to bring back some debris to clog 

openings or revetments. These winds do not stop within a few seconds, 

but fade right into the drctilation set up by the rising fireball* Re

calling tbe situation in the late fireball, one observes a large low 

density hole in the hot region* Figure 27 shows tbe density versus 

radius of this regioa out to a few seconds. This several thousand foot 

diameter low density sphere begins Immediately to rise like a bubble in 

the atmosphere as the denser air turound it forces it upwards. The rate 

of rise after a few seconds levels off at EUtniad 400 ft/sec. The cir

culation is such that tbe velocities in tbe stem that flows vp through 

tbe rising cloud are about twice tbe cloud-rise velocities, or as much as 

600 ft/sec. The consequences of such wind velocities can be better 

appreciated tdaen one considers that tbe drag created by this flow could 

hold aloft as much as a seven ton boulder, or could loft lesser rocks emd 

debris to very high altitudes. The cloud continues to rise for four to 

six minutes, \^ch takes it to altitudes iQ>wards of sixty thousand feet. 
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dependent on meteorology. £ven after tbe cloud has stabilized, the stem 

continues to rise as tbe circulation persists. During the tiiae of the 

initial clo\»i rise much of the cratered debris is aloft on various 

trajectories, aad much of this material will be excavated at pressures 

below that needed to pulverize or vaporize the rock or soil, some of it 

will be lofted in essentially its original sizes and shapes. If the 

soil is rocky, then some rocky throwout may be carried up. Consequently, 

since the stem of the cloud extends out tax beyoni the 100 psl distance 

frcmi a one megaton burst, there is some chance that rocks may rain down 

over a wide area for many mlznites after a burst. 

Agala, if the wind circulation closely correspoiids to the visible 

cloud and stem movements, one may eigpect wind velocities of the same 

order of magnitude (<v 100 ft/sec) at tbe base of tbe stem, i.e. in the 

dust-ladea air above a 100 psl shelter. 

Visibility will be restricted and unpredictable over an area corres

ponding to at least tbe 10 psl distance from such bursts, so that vlstuil 

assessmeat of the post-burst external envlronmeat will not always be 

possible. Direct human ejgposure would be undesirable, possibly even fatal, 

in tbe local fallout, which outside the immediate crater area (but within 

10 or so miles) can still run to thousands of roentgens per hotir in tbe 

first few boiirs to a few hundred at the end of a day. Tbtal doses (integrated 

over time) after 18 hours may be in excess of 3000 r over a thousand square 

miles. Clearly, surviving nearby surface installations or support struc

tures will not be habitable for many hours after a megaton \ieapon surface 

burst even in extreme emergencies. 

file:///ieapon
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The persistence of unfavorable after-effects, which may be so 

dangerous as to prohibit nozmal launch procedures, stiggests that serious 

thought be given to designing missile systons with sufficient protection 

to ride out in safety an anticipated attack, and thus avoid the many 

difficulties in carrying out a prompt response. At least ozke is required 

to carefully assess the penalties which must accompany a aopecified fast 

response d̂iere the fast ree>ponse is to apply also eifter a bomb has struck. 
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HALF-THICKNESSES FOR GAMMA RAY ATTENUATION 

Fig. 2 
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